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Abstract

Vegetation in the subarctic is expected to respond to climate warming as its growth becomes
less temperature limited. This has previously been recorded in the form of treeline advances
and increasing shrub cover. Changes in vegetation cover may accelerate warming due to a
decrease in summer albedo, in what is termed surface albedo feedback. A quantification of the
relationship between vegetation change and its corresponding change in surface albedo is
therefore important to better understanding of the surface energy balance and its consequent
impacts on the climate. This study focuses on the Swedish portion of the Scandes mountain
range and its surrounding area and set out to investigate whether the shortwave albedo in July
has changed significantly in this region between the years 2000 to 2022, and whether this
corresponds to a change in vegetation. This was done by using imagery from the Moderate
Resolution Imaging Spectroradiometer (MODIS). Vegetation changes were quantified using
the Enhanced Vegetation Index (EVI). Changes in both shortwave albedo and EVI were
quantified using a linear regression model and their relationship was assessed through
correlation analysis. This study found, contrary to expectations, that the shortwave albedo for
July had mainly been stable or increased. Significant (p<<0.05) trends in shortwave albedo
changes were found for 44% of the area, of which 79% were increasing trends. Out of the area
with significant changes in shortwave albedo, 38% had also a significant (p<0.05) change in
EVI, most of which (83%) were increasing trends in EVI as well. The correlation between
shortwave albedo and EVI for the entire area was, however, quite weak (p=0.227) but showed
varying correlation strength when considering vegetation classes separately. Vegetation below
the treeline had a positive relationship between shortwave albedo and EVI, whereas vegetation
above the treeline in some areas had a negative trend in EVI, indicating possible vegetation
browning, along with a corresponding increasing trend in shortwave albedo. The mechanisms
behind the changes in shortwave albedo throughout the Swedish alpine region remain
ambiguous, and the differences in trends for the different vegetation classes suggest a need for
a closer look at specific species responses within each subregion of the Scandes vegetation
classes.

Keywords: shortwave albedo, Enhanced Vegetation Index (EVI), alpine vegetation, Scandes,
surface albedo feedback, MODIS
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1. Introduction

1.1 Background

High latitudes are showing a more pronounced warming as compared to the rest of the globe
(Box et al., 2019; Pithan & Mauritsen, 2014; Serreze & Barry, 2011). This process is termed
arctic amplification, and has been identified to be caused by a multitude of complex processes
occurring at different scales (Cohen et al., 2014; Serreze & Barry, 2011). One of these
processes is the decrease of highly reflective snow and ice cover, as these regions melt due to
climate warming, thereby exposing darker, less reflective areas and producing a positive
feedback effect (Serreze & Barry, 2011). The reflective properties of a surface are termed
albedo, which is a dimensionless quantity measured from O to 1, with 0 being a blackbody
which absorbs all incoming radiation, and 1 being a perfect reflector. The land surface albedo
is an important variable in the shortwave radiation balance and interacts with climate variability
through various mechanisms (Liang & Wang, 2019). In order to understand the drivers behind
the amplified warming in high latitude areas it is therefore important to quantify and increase
our knowledge of the mechanisms behind changes in surface albedo.

Shortwave surface albedo has been widely measured using satellite remote sensing, although
the process is not inherently straightforward as it is must take into account properties of the
surface as well as atmospheric conditions. This is typically done by using a bidirectional
reflectance distribution function (BRDF), which provides a mathematical description of the
reflectance of the surface (Liang & Wang, 2019). The Moderate Resolution Imaging
Spectroradiometer (MODIS) has been acquiring reliable albedo imagery since 2000 (Schaaf &
Wang, 2021). This study will use white-sky albedo acquired from MODIS. It is defined as the
bihemispherical reflectance (completely diffuse) albedo and is the opposite extreme case to
that of black-sky albedo, which is the directional hemispherical (direct beam) albedo (Schaaf
et al., 2002). The true albedo can be derived using a combination of these (Schaaf et al., 2002),
but due to the computational expense, white- and black-sky albedo have been used for research
purposes where they provide an adequate approximate (e.g. Blok et al., 2011; Hovi et al., 2019;
Plekhanova et al., 2022).

The pronounced warming in higher latitudes is expected to impact the vegetation in affected
regions. Vegetation in colder regions is generally limited by temperature, and production is
dependent on growing season length and warmth (Box et al., 2019; Hallinger et al., 2010;
Higgins et al., 2023; Keenan & Riley, 2018). Due to warming, high latitude vegetation is
displaying a decline in temperature limitation (Keenan & Riley, 2018). Mountainous areas in
the northern hemisphere have also experienced amplified warming with a consequent impact
on the alpine vegetation (Diaz et al., 2003). Studies record treeline advances both in latitudinal
(toward poles) and altitudinal (uphill) directions in various locations around the globe (e.g.
Bryn & Potthoff, 2018; Chapin et al., 2005; de Wit et al., 2014; Harsch et al., 2009; Rees et al.,
2020). Rees et al. (2020) found that the treeline advance rate in high latitude regions is largest
in western Eurasia, with circa 100 meters per year. Modelling has shown that the tree line in
the Swedish mountains may advance at least 400 meters in elevation (Kullman & Kjéllgren,
2008), or between 233 to 667 meters depending on location and climate scenario (Moen et al.,
2004). This may cause a shrink of the alpine heaths in the Swedish Scandes (Kullman, 2010b;
Moen et al., 2004), potentially with a reduction of up to 85% (Moen et al., 2004). Contrastingly,
many studies have found an increase of shrub and tree growth in Scandinavian alpine areas



(Hallinger et al., 2010; Rundqvist et al., 2011; Wilson & Nilsson, 2009), as well as a decrease
in species richness (Jonsson et al., 2021; Wilson & Nilsson, 2009), although another study has
found indications of an increased biodiversity in the same region (Kullman, 2010b).

The terrestrial warming effect on vegetation has been demonstrated by increasing values in
various vegetation indices, most commonly the Normalized Difference Vegetation Index
(NDVI) (Bhatt et al., 2017; Blok et al., 2011; Box et al., 2019; Serreze & Barry, 2011) but also
the Enhanced Vegetation Index (EVI) (Piao et al., 2020; Zhang et al., 2017). While vegetation
indices do not measure any physical quality directly, they are typically used as proxies for
various biochemical and biophysical qualities. NDVI is widely used partly due to its
comparatively long record. However, unlike NDVI, EVI does not saturate in high biomass
vegetated areas and is generally less sensitive to atmospheric contamination (Huete et al., 2002;
Huete et al., 1999). NDVI uses the infrared and the red band, whereas EVI also uses the blue
band as well as some additional coefficients. It is calculated as follows:
N-R

EVlI =6G———7— Equation (1)

N+C{R—C3B+L

Where N, R, and B are the near-infrared, red, and blue bands respectively. G is a gain factor,
and L is a soil-adjustment factor which correct soil background brightness issues which limit
NDVI to some extent. C; and C; are coefficients of aerosol resistance which corrects for aerosol
influences on the red band (Huete et al., 1999). EVI typically ranges between 0 to 1 in vegetated
areas, with more densely vegetated areas approaching 1 (Huete et al., 2002). This study will
use EVI retrieved by MODIS, which has an EVI record dating back to 2000 (Didan, 2021).

The changes in vegetation described also have the potential to contribute to warming. Foley et
al. (1994) reported that the expansion of boreal forests, with their typically low albedo, has the
potential to give rise to a large positive climate warming feedback. Coincidentally, in higher
latitudinal and altitudinal regions, summertime albedo is expected to decrease due to mountain
birch forests replacing lighter-coloured vegetation such as lichens, graminoids, and mosses (de
Wit et al., 2014; Ramtvedt et al., 2021). Chapin et al. (2005) reports that, while a shortening of
the snow-free season length has had a large role in the arctic surface warming feedback, the
increased absorption of radiation due to expansion of shrub and trees could potentially exceed
this effect in the arctic and amplify atmospheric heating by two to seven times. This calls for
an increased knowledge of vegetation and albedo dynamics in high latitude areas in order to
predict future climate conditions. Furthermore, while most studies to date have focused on
albedo dynamics during shoulder seasons where the impacts of changing snow cover are a focal
point, an improved understanding of the same dynamics during growing season becomes
increasingly important as the snow-free season becomes longer (Chapin et al., 2005).

1.2 Aim of study

This study aims to investigate whether the short-wave (SW) July albedo has significantly
changed between 2000-2022 in the Swedish alpine region, and whether this correlates to a
vegetation change, as quantified using the Enhanced Vegetation Index (EVI). It will do so by
identifying, through remotely sensed data, (a) whether there is a decreasing trend in July SW
albedo during this period, (b) if and how July EVI has changed in the same region, (c) if there
is a significant relationship between July SW albedo and EVI during this period, and (d) how
the trends are spatially distributed and if they differ between vegetation classes.



1.3 Study area

This study focuses on the Swedish portion of the Scandes, also termed the Scandinavian
mountains, as well as its nearby areas of coniferous forests. A delineation of the area as well
as its major vegetation classes can be viewed in Figure 1. The vegetation classes in this study
are based on CORINE landcover (EEA, 2020), and this section will go into some detail on
what these classes are characterised by for the Swedish alpine region in particular. The climate
in the Scandes varies greatly depending on altitude, and thus the region can be loosely divided
into three major vegetation zones: coniferous forests, birch forests, and tundra, which in this
case is considered the area above the treeline (Rafstedt, 1984). These zones can be delineated
according to altitude, as the lower regions have a generally temperate climate whereas the
higher altitude regions can be compared to regions in the high arctic (Rafstedt, 1984). The zone
borders, although not as clear-cut in nature as they are in theory, can vary by several hundred
meters between the southern and northern parts of the Scandes due to the latitudinal impacts
on the climate (Rafstedt, 1984).

The treeline in the Scandes is characterised by subalpine birch forest. The border of the treeline
is typically determined by summer temperatures, which limits the alpine birch when summer
temperatures gets too low. The treeline can be diffuse and is dependent on microclimates;
clusters of trees can typically be found in sheltered conditions in the tundra zone above the
general treeline (Rafstedt, 1984). This area corresponds with the broadleaf forest zone of Figure
1. The lower border of the birch forest zone also tends to be diffuse, with a soft transition
between coniferous and birch trees (Rafstedt, 1984).

The study area covers a large portion of Sweden’s coniferous forests. These are areas
characterised by a tree layer with an understory of short woody ericaceous shrubs, mosses, and
lichens (Nilsson & Wardle, 2005). Common tree species are Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris) (Linder et al., 1997). Wetlands are also common throughout the
study area, typically in the forms of fens or bogs. Vegetation composition in these areas is
characterised by mosses, dwarf shrubs, and graminoids (Jeglum et al., 2011). Wetlands are
more common in the higher elevation portions of the boreal forest but does not as often appear
above the treeline (Jeglum et al., 2011).

The tundra zone can be divided into low-, mid- and high-alpine zones, all with characteristic
vegetation types. The low-alpine zone is characterised by shrubs, which tend to become shorter
with increasing altitude due to decreasing temperatures and increasing wind exposure
(Rafstedt, 1984). In the mid-alpine zone, the vegetation cover becomes discontinuous, with
graminoids as the dominating vegetation type (Rafstedt, 1984). The high-alpine zone contains
little vegetation, although some species can still be found, and is mostly characterised by block
fields and perennial snow (Rafstedt, 1984). Moors and heathland as well as sparse vegetation
are the two classes in Figure 1 which correspond with the tundra zone.
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Figure. 1. Map of the study area and how the vegetation classes are distributed. Vegetation classes are
derived from CORINE landcover (EEA, 2020). White areas indicate no data or pixels that have been filtered
away due to land cover classes containing agricultural or non-vegetated areas.

2. Method

2.1 Data acquisition and processing

Both EVI and albedo values were obtained from Moderate Resolution Imaging
Spectroradiometer (MODIS) data. Albedo values were obtained from the MODIS MCD43A3
v.061 product from the Land Processes (LP) Distributed Active Archive Center (DAAC)
(Schaaf & Wang, 2021). This study used white-sky (whole diffuse bihemispherical reflectance)
broadband shortwave albedo (hereinafter referred to using the acronym SWA) with 500 meters
spatial resolution. The MCD43A3 product is produced daily and each image uses BRDF



information from the 16-day period that precedes and follows the image of interest. The July
SWA for each year was calculated by taking the mean of SWA from all daily composite images
from July 1% to 31% for each year during the 2000-2022 period. The MOD13A1 v.061 product,
also distributed by the LP DAAC (Didan, 2021), was used to retrieve EVI values at 500 meters
spatial resolution. The MOD13A1 product is produced as 16-days composites. The July EVI
mean for each year was therefore calculated from three images each year, whose dates ranged
from 26/6 to 12/8. Both the SWA and EVI products were Sinusoidally projected, as is standard
for the MODIS data products. The calculation of means was done in ArcGIS Pro v.2.7.0 (Esri
Inc., 2020).

The CORINE Land Cover (CLC) product (v.2020 20ul, raster format, 100 meters spatial
resolution) was used for land cover data and was obtained from the European Union (EU)
European Environment Agency (EEA) Copernicus Land Monitoring Service (CLMS) (EEA,
2020). The CLC product was projected into the Sinusoidal projection and resampled to a 500
meters spatial resolution using the nearest neighbour method in ArcGIS Pro v.2.7.0 (Esri Inc.,
2020). It was then used to create a mask to remove water bodies and courses, urban areas,
agricultural areas, bare rock, burnt areas, and permanent ice and snow, which was applied to
the EVI and SWA July means to restrict the study to mostly vegetated pixels. The remaining
classes in the CLC product were also used as an overlay to the SWA and EVI July means as a
method to help identify the different vegetation classes. The remaining classes were coniferous
forest, broadleaf forest, mixed forest, transitional woodland-shrub, natural grassland, moors
and heathland, sparsely vegetated areas, and wetlands. Natural grassland and moors and
heathland were combined into one category, hereinafter termed moors and heathland.
Definitions for each vegetation class can be found in Kosztra et al. (2017).

2.2 Analysis

The SWA trend was quantified by fitting a linear regression model for each pixel, with year as
the independent variable and July mean SWA as the dependent variable. The trend was derived
from the linear slope as defined by the simple linear regression model y = a + bx. The
significance of the regression model was evaluated on a per pixel basis using the F-statistic, at
a significance level of 0.05. The average change per year as a percentage was calculated by
dividing the slope by the average albedo value for a given pixel and multiplying it by 100.
These calculations were made in Excel v.16.54 (Microsoft, 2021). In ArcGIS Pro v.2.7.0 (Esri
Inc., 2020), all pixels with an F-value below the critical F-statistic threshold (2.048, a=0.05)
were filtered away to produce a map of only the pixels with significant change in SWA. This
process was repeated for the EVI means, producing the same type of linear regression model
for each pixel (year as independent variable, EVI as dependent, a=0.05) and then calculating
the average EVI change per year in percent by dividing the slope of the regression model by
the mean EVI for all years and multiplying it by 100.

The trend SWA and EVI variables created through linear regression were tested for normality
using the Kolmogorov-Smirnov test in SPSS v.27 (IBM, 2020). The same software was used
for all plots and correlation analysis. The division of vegetation classes was done using the
CLC overlay. Both Pearson and Spearman correlations were tested between estimated trends
of EVI (N1=599848) and SWA (N2=599848), as calculated from the linear regression described
above. Additional Pearson and Spearman correlation analyses were also done for all vegetation
classes separately with the same variables (EVI and SWA trends), as well as for the grouped
vegetation classes of below treeline vegetation (including broadleaf forest, coniferous forest,
mixed forest, and transitional woodland-shrub) and above treeline vegetation (including moors



and heathland and sparse vegetation). All correlation analysis was conducted using two-tailed
tests.

In order to assess the fit of the linear regression on the SWA and EVI time series, a sample of
each population of July means was taken. The sample size was calculated using Yamane’s
formula, specified as follows:

N .
n= TN Equation (2)

Where n is the sample size, N is the population size (599848), and e is the desired level of
precision (5%). The sample was taken by using the random points tool in ArcGIS Pro v.2.7.0
(Esri Inc., 2020). Time series for 2000-2022 were plotted in Excel v.16.54 (Microsoft, 2021)
for each of the SWA and EVI July means in the sample. Outliers and irregular year-to-year
fluctuations were detected visually and recorded by vegetation class.

3. Results

3.1 Albedo

The trends in SWA for July over a 23-year period (2000-2022) were calculated for the Swedish
alpine region using a linear regression model. The SWA trend variable had a kurtosis of 43.89
and a Kolmogorov-Smirnov test determined that the variable was therefore not normally
distributed. This study found that 44% of the area had significant (p<0.05) change in July SWA
for this period. Out of the pixels that has had significant change in SWA, 79% were increasing
trends, and 21% were decreasing trends. The spatial distribution of the average change per year
in percent is displayed in Figure 2, along with the mean SWA for the entire period. The mean
value for significant SWA trends was 0.00045 year™!, with a mean standard error of 1.7¢-6 year
!'and a standard deviation of 0.00089 year™'. Note that the standard deviation exceeds the mean,
indicating that the spread is considerably large.
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Figure 2. Spatial distribution of average shortwave albedo (SWA) values across the years 2000-2022 in the
Swedish alpine region, derived from MODIS. Map a) shows the mean SWA for the time period. Map b)
depicts the average change in SWA per year in percent, as estimated by a linear regression model, map c)
shows the same as b) but only those pixels that had a significant (p<0.05) relationship between SWA and
year. White areas indicate no data or pixels that have been filtered away.

3.2 EVI

Change in EVI was estimated for the years 2000-2022 in the Swedish alpine region through
linear regression. The variable of EVI trend was not normally distributed, as determined by a
Kolmogorov-Smirnov test. It had a kurtosis of 2.26. About a third (32%) of the area had a
significant (p<0.05) change in EVI, the majority of which (80%) were increasing trends. The
spatial distribution of the average change per year in percent, as well as the mean absolute EVI
values, are displayed in Figure 3. The mean value for the significant EVI trends was 0.00171
year™!, with a standard error mean of 5.7e-6 year™!' and a standard deviation of 0.00246 year™'.
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Figure 3. Spatial distribution of average Enhanced Vegetation Index (EVI) values across the years 2000-
2022 in the Swedish alpine region, derived from MODIS. Map a) shows the mean EVI for the time period.
Map b) depicts the average change in EVI per year in percent, as estimated by a linear regression model,
map c) shows the same but only those pixels that had a significant (p<0.05) relationship between EVI and
yvear. White areas indicate no data or pixels that have been filtered away.

3.3 Albedo and EVI relationship

Out of the pixels that had a significant change in SWA, 38% also had a significant change in
EVI, most of which were increasing trends (83%). The estimated change per year in SWA is
plotted against the estimated change per year in EVI in Figure 4. Pearson’s r between the
variables was computed as -0.004 (p=0.002) with a 95% confidence interval of -0.006 —-0.001,
indicating that there was no linear relationship between the variables. This result was also
supported by the shape of the scatterplot in Figure 4, which revealed two distinct clusters with
seemingly opposite relationships. One cluster held below-treeline vegetation (mixed,
coniferous, and broadleaf forest), and the other contained above-treeline vegetation (moors and
heathland, and sparse vegetation). The non-linear appearance, as well as the non-normal
distribution of the data motivated the use of Spearman’s rho, which determined a significant
(p<0.001), although quite weak, positive monotonic relationship (p=0.227, (0.225 — 0.230)).
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Figure 4. The estimated change per year (linear regression slope coefficients) of shortwave albedo (SWA)
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vegetation classes based on CORINE landcover (EEA, 2020), here divided into three broader classes; below
treeline vegetation (mixed forest, broadleaf forest, coniferous forest, and transitional woodland-shrub),
above treeline vegetation (moors and heathland, and sparse vegetation), and wetlands.

3.4 Vegetation class comparison

The means and standard deviations of the estimated trends for the pixels for which both SWA
and EVI trends were significant are categorized by vegetation class in Figure 5. All below
treeline vegetation classes (transitional woodland-shrub, and broadleaf, mixed, and coniferous
forest), along with wetlands, have a higher mean EVI trend than SWA trend. Broadleaf and
coniferous forests have very similar values compared to the other vegetation classes. Broadleaf
forest has a mean significant SWA trend of 0.00039 year™! (standard error mean = 4¢-6 year'!,
standard deviation = 0.00038 year™") and coniferous forest 0.00040 year! (standard error mean
= 2e-6 year’!, standard deviation = 0.00051 year'). The mean SWA trend for mixed forest
however approaches zero (mean = 0.00007 year™!, standard error mean = 8e-6 year™!, standard
deviation = 0.00062 year™"), indicating a similar distribution of positive and negative changes
in SWA for mixed forest.

Note that the standard deviation is higher for EVI trends than SWA trends in almost all cases,
only excluding sparse vegetation which has a similarly large spread for both variables. Sparse
vegetation is the only vegetation class with a negative mean EVI (mean = -0.00138 year™!,
standard error mean = 0.00008 year!, standard deviation = 0.00306 year™), but the standard
deviation exceeds into positive values, indicating that the change in EVI for this vegetation
class has a large spread and may differ considerably throughout the area. While the above
treeline vegetation classes follow the same pattern of higher SWA than EVI trends, their values
differ substantially. While the SWA and EVI trends are quite similar for moors and heathland,
the difference in trends is pronounced for sparse vegetation. Indeed, the SWA trend is highest
for sparse vegetation out of all vegetation classes, with a mean of 0.00348 year™! (standard error
mean = 0.00008 year'!, standard deviation = 0.00300 year™).
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Figure 5. Means and standard deviations for the significant trends (linear regression slope coefficients) in
shortwave albedo (SWA) (blue) and Enhanced Vegetation Index (EVI) (green) between the years 2000-2022
for each vegetation class identified in the Swedish alpine region. The plot uses a confidence interval of 95%
for the means. Vegetation classes are derived from CORINE Landcover (EEA, 2020).

Similar to the plot in Section 3.3, scatterplots were also produced for the vegetation classes
separately, as well as Pearson and Spearman correlation coefficients for the SWA and EVI
trends. The coefficients and their corresponding p-values and confidence intervals are
displayed in Table 1. All correlation analyses found significant correlations, but this can be
attributed to the large sample sizes (N>10 000 for all cases). The Pearson coefficients are
generally higher than Spearman, but the Spearman coefficients may be considered as the more
reliable measure of correlation in this case due to the non-normality of the data. The strongest
Spearman correlation was found to be for the sparse vegetation class, followed by transitional
woodland-shrub.
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Table 1. Correlation coefficients and their corresponding p-values and confidence intervals for all
vegetation classes included in this study, as based on CORINE landcover (EEA, 2020), including the larger
groups of below- and above treeline vegetation. The below treeline vegetation includes the classes broadleaf
forest, coniferous forest, mixed forest, and transitional woodland-shrub. The above treeline vegetation
includes the classes moors and heathland, and sparse vegetation.

Vegetation Pearson coefficient | Pearson Spearman Spearman
class confidence coefficient confidence
interval (95%) interval (95%)

Wetlands 0.256 (p<0.001) 0.250 - 0.263 0.253 (p<0.001) 0.247 - 0.260
Below treeline 0.443 (p<0.001) 0.440 — 0.445 0.387 (p<0.001) 0.384 -0.390
vegetation (all)

Broadleaf forest | 0.274 (p<0.001) 0.267 — 0.281 0.258 (p<0.001) 0.250 - 0.265
Coniferous 0.419 (p<0.001) 0.416-0.423 0.373 (p<0.001) 0.370-0.377

forest

Mixed forest 0.439 (p<0.001) 0.430 - 0.447 0.400 (p<0.001) 0.391 - 0.409
Transitional 0.495 (p<0.001) 0.488 —0.503 0.460 (p<0.001) 0.452 - 0.468
woodland-shrub

Above treeline -0.380 (p<0.001) -0.384 —-0.375 -0.129 (p<0.001) | -0.134—-0.123
vegetation (all)

Moors and -0.296 (p<0.001) -0.302 —-0.295 -0.045 (p<0.001) | -0.050 —-0.039
heathland

Sparse -0.647 (p<0.001) -0.656 — 0.637 -0.608 (p<0.001) | -0.619 —-0.598
vegetation

EVI trend (year-1)
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Figure 6. The estimated change per year (linear regression slope coefficients) of shortwave albedo (SWA
trend) against the estimated change per year (linear regression slope coefficients) of the Enhanced
Vegetation Index (EVI trend), in the Swedish alpine region between the years 2000-2022 for the four below
treeline vegetation classes, mixed forest, coniferous forest, broadleaf forest, and transitional woodland-

shrub.
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The below treeline vegetation had the most linear distribution (see Figure 6), which is reflected
in the comparative similarities between the Pearson and Spearman coefficients for those
vegetation classes. Wetlands (Figure 7) follow a similar distribution to the below treeline
vegetation but has a portion of values which are spread out and to some extent could be argued
to follow the same pattern as that of the above treeline vegetation (compare with Figure 8).

.010| | Vegetation class
@ Wetlands

.005

.000

EVI trend (year-1)
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-.010
-.003 .000 .003 .005 .008

SWA trend (year-1)

Figure 7. The estimated change per year (linear regression slope coefficients) of shortwave albedo (SWA
trend) against the estimated change per year (linear regression slope coefficients) of the Enhanced
Vegetation Index (EVI trend), for the wetland vegetation class in the Swedish alpine region between the
years 2000-2022.

The scatterplot of the above treeline vegetation (Figure 8) indicates two different clusters, with
one following a similar distribution to the below treeline vegetation with a positive relationship,
and the other following a negative relationship between the SWA and EVI trends. It could also
be an indication of another type of relationship; it bears some similarities to a negative
logarithmic distribution. The nonlinear relationship is somewhat reflected in the linear Pearson
coefficient being higher than the monotonic Spearman coefficient, which is close to zero. This
low number seems to be largely influenced by the weak correlation of the moors and heathland
class (p =-0.045). Contrastingly, the sparse vegetation class had the strongest correlation of all

vegetation classes (r = -0.647 and p = -0.608).
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Figure 8. The estimated change per year (linear regression slope coefficients) of shortwave albedo (SWA
trend) against the estimated change per year (linear regression slope coefficients) of the Enhanced
Vegetation Index (EVI trend), in the Swedish alpine region between the years 2000-2022 for the two above
treeline vegetation classes; sparse vegetation, and moors and heathland.

3.5 Time series outlier evaluation

A sample size of n=400 was taken from the SWA and EVI July means for each year within the
period 2000-2022. 6.3% of the SWA time series had at least one outlier, and 15.8% had
irregular year-to-year fluctuations. While moors and heathland held the largest percentage of
total outliers (56%), this is not necessarily representative for the class as the vegetation classes
were not of equal size within the sample. The vegetation class that held the highest percentage
of outliers within its class was sparse vegetation (80%) but this may not be entirely
representative either as the total number of sparse vegetation pixels within the sample was
comparatively low (ngarse = 5). Figure 9a depicts one such time series where two outliers were
found in a sparse vegetation SWA time series. Moors and heathland had the next-to-highest
percentage of outliers within its vegetation class sample (17.5%, nmoors&heathiana = 80). The
lowest percentage of SWA outliers within its vegetation class sample was coniferous forests
(1.1%, nconiferous = 178), except for transitional woodland-shrub, which had zero outliers within
the sample (Rwoodiand-shrur = 22). The vegetation class that had the largest portion of irregular
fluctuations within its time series was broadleaf forest (27%, noroadicar = 37), closely followed
by moors and heathland (23.8%). Figure 9b depicts one of the broadleaf forest time series with
irregular year-to-year fluctuations.
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Figure 9. Examples of the plotted shortwave albedo (SWA) time series from the sample. Time series a)
depicts the SWA values of a pixel with the sparse vegetation class and is an example of a time series where
outliers were found. The outliers are in this case in the years 2015 and 2017. Time series b) depicts an
example of a SWA broadleaf forest time series with irregular year-to-year fluctuations. All values are means
from July of each year.

The EVI time series had a higher portion of outliers (8.0%) and a lower portion of irregular
year-to-year fluctuations (3.8%) than the SWA time series. Sparse vegetation was again the
vegetation class with the highest percentage of outliers (20%), followed by mixed forest (13%),
and broadleaf forest (11%). Transitional woodland-shrub had again zero outliers. Wetlands had
the next to smallest portion of EVI outliers (4.8%, nwenands = 63). The vegetation class that had
the highest percentage of irregular EVI year-to-year fluctuations within its class was sparse
vegetation (20%), followed by moors and heathland (10%). See Figure 10 for examples of EVI
time series with one outlier (Figure 10a) and irregular year-to-year fluctuations (Figure 10b).
These plots both represent what was typical for each type of outlier detection classification
(single outlier or irregular year-to-year fluctuations). All n values are the same for EVI as for
SWA, as the same sample was taken for both variables. As can be observed in Figures 9 and
10, these outliers may have impacted the regression slopes, and thus the trend variables,
substantially.
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Figure 10. Examples of the plotted Enhanced Vegetation Index (EVI) time series from the sample. Time
series a) depicts the EVI values of a pixel with the coniferous forest vegetation class and is an example of
where an outlier was found. The outlier in this case is in the year 2016. Time series b) is an example where
irregular year-to-year fluctuations were found, in this case in a pixel with the vegetation class moors and
heathland. All values are means from July of each year.

4. Discussion

4.1 Albedo and EVI were mostly stable or increasing

Despite indications that a warmer climate would correspond with a vegetation increase (Box
et al., 2019; Hallinger et al., 2010; Serreze & Barry, 2011) and a corresponding decrease in
albedo for both the coniferous forests and the tundra regions (Chapin et al., 2005; Foley et al.,
1994; Ramtvedt et al., 2021), this study found no significant SWA changes in 56% of the study
area, and for the 44% of the area with significant changes, the majority (79%) were increases.
These are similar results as those of Plekhanova et al. (2022), who found that the SWA was
mostly stable or had increased in the arctic between 2000 to 2021. They discussed that the
SWA increase to some extent could be attributed to lighter vegetation replacing darker soil as
the vegetation climbed northward higher into the arctic, as previously found by Alessandri et
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al. (2021). Alessandri et al. (2021) also found that the surface albedo feedback in the northern
hemisphere tends to be negative in regions were vegetation dominates. This corresponds to the
findings of this study, especially for the below treeline vegetation where an increase in EVI
correlated with an increase in SWA, which would imply a negative surface albedo feedback.

The narrative of lighter vegetation replacing darker soils may be attributed to some areas of the
tundra regions of the Swedish Scandes. However, the results of this study found a negative
correlation between SWA and EVI for the above treeline vegetation. While this study found a
SWA increase in these areas, the EVI was decreasing in some regions of the above treeline
areas, which is contrary to what several previous studies have found indications of, which is
that vegetation has increased in the Scandes over the two recent decades (Hallinger et al., 2010;
Lekken et al., 2020; Rundqvist et al., 2011; Wilson & Nilsson, 2009). Some studies have
however also found indications of browning trends — that is, a decrease in vegetation — in
northern hemisphere alpine areas (Barredo et al., 2020) and arctic tundra (Lara et al., 2018;
Myers-Smith et al., 2020; Phoenix & Bjerke, 2016). This might provide an explanation for the
negative EVI trends in the above treeline vegetation that were found in this study.

However, a differentiation must be made here between the sparse vegetation class and the
moors and heathland class. The moors and heathland class, corresponding to the low- and to
some extent the medium alpine zone as delineated by Rafstedt (1984), have a much weaker
correlation between SWA and EVI trends than the sparsely vegetated zone. The EVI was
mostly increasing for moors and heathland, and for those areas the narrative of lighter
vegetation replacing darker soils could perhaps be applied. However, the variability of the EVI
trend both being positive and negative for the tundra regions implies that there is a high
complexity for the affected species and their temperature responses. This corresponds with the
findings of other studies that the growth trends for tundra is highly heterogenous and varies
greatly depending on species (Dobbert et al., 2021; Elmendorf et al., 2012; Myers-Smith et al.,
2020). A clear relationship between EVI and SWA in the above treeline vegetation can
therefore not be determined without looking more closely at the individual species affected.

Sparse vegetation mostly experienced a SWA increase along with a decrease in EVI. These
results are the opposite of the study’s hypothesis of an EVI increase and a SWA decrease. As
discussed above, this does not correspond with the findings of previous studies that found an
increase of vegetation in the high alpine areas of the Scandes (Hallinger et al., 2010; Rundqvist
et al., 2011). However, as previously mentioned, tundra regions have also shown browning
trends in some areas which could explain the decrease in EVI. The corresponding SWA
increase could be explained by the exposed soil having a comparatively high albedo; this would
be valid if the soil is dry, as dry soils typically have a higher albedo than wet soils (Yang et al.,
2020). Furthermore, the appearance of the scatterplot for the above treeline vegetation indicates
a threshold where the SWA and EVI relationship shifts from positive to negative. This holds
true for both the sparse vegetation class as well as for moors and heathland. This implies a
hidden factor within this relationship which may either be due to some climatic factor such as
aspect or precipitation, or due to differences between the individual species within the classes.
However, some care must be taken when interpreting these results, especially with regard to
the sparse vegetation class as this was the class with the largest proportion of outliers within
the time series evaluation sample. The sparse vegetation class is mainly situated in regions
highly affected by rough terrain and snow which in some years may persist in July even for
those pixels that were not labelled as perennial snow by the landcover class layer. These
shortcomings will be further discussed in Section 4.4.

16



This study found that coniferous forests experienced mostly an increase in SWA as well as EVI
for 2000 to 2022. This contrasts the findings by previous studies that a coniferous forest
expansion should correspond with a decrease in albedo due to their inherently dark colouring
and thus lesser reflective properties (Foley et al., 1994). The contradictory findings of this study
suggest that the SWA is highly affected by other factors in the coniferous forest that this study
did not cover. Albedo has been proven to decrease with increasing tree height (Kuusinen et al.,
2016; Webster & Jonas, 2018), growing stock (Kuusinen et al., 2016), stand biomass (Lukes
et al.,, 2013) and age (Kuusinen et al., 2016; Webster & Jonas, 2018). Forest management
procedures in the boreal forest, such as thinning and logging, may therefore alter their albedo
due to the forest composition changes (Lukes et al., 2013), and thereby act as a masking factor
to the otherwise expected effects from climate warming. However, a forest thinning would be
expected to correlate with a decrease in EVI, as it would implicate a decrease in vegetation
density. The mechanisms for the trends for the coniferous forest found in this study are
therefore particularly ambiguous and calls for an increased understanding of the changes within
the boreal coniferous forests and its effects on albedo.

The changes in both SWA and EVI for the region were, for the majority of the region, not
significant. While a range of studies suggest treeline advances in the Scandes (Kullman, 2002,
2010a; Ramtvedt et al., 2021), these higher altitude establishments of tree species may not be
indicative of an overall treeline advance throughout the region. While temperature-limited, the
findings of several studies indicate that the rate of treeline advance for mountain birch is not
as large as temperature increases should have caused were it the only limiting factor (Cairns et
al., 2011; Lekken et al., 2020; Mienna et al., 2022). Herbivory has been found as a major
masking factor with respect to mountain birch advances otherwise expected from climate
warming (Cairns et al., 2011; Hofgaard et al., 2010; Scharn et al., 2022), along with nitrogen
limitation (Scharn et al., 2021). In addition, a recent study suggests that treeline advance rates
in the subarctic are not as large as previously thought (Rees et al., 2020). The findings of
(Harsch et al., 2009) also suggest similar patterns for the forests close to the Scandes, within
which the treeline has been stable for the last 100 years. This could explain the relatively low
proportion of the area that had any significant changes in EVI (32%).

The same narrative described for coniferous forest could perhaps be applied for mixed forest,
although this was one of the vegetation classes with a comparatively high proportion of SWA
decreases. As this study does not cover individual species and local changes, the explanation
for the SWA changes within this vegetation class is difficult to ascertain. It is likely due to
regional species differences and local changes in the affected areas. Some explanations could
be attributed to forest management practices here, much like the case of coniferous forests, as
well as differences in stand age and canopy structure. Similar difficulties can be applied to the
transitional woodland-shrub, although additional complications can be applied here as well.
The transitional woodland-shrub is defined by CORINE landcover (CLC) as “transitional
bushy and herbaceous vegetation with occasional scattered trees ” (Kosztra et al., 2017), which
can for example be attributed to clear-cut areas (Kosztra et al., 2017). This causes problems in
terms of the temporal period: What may be defined as a transitional woodland-shrub in 2017-
2018, which is the temporal extent of the CLC product (EEA, 2020), may not be classed as the
same type of vegetation 18 years earlier. Of course, similar reasoning should also be considered
for the rest of the vegetation classes. The SWA and EVI trends for transitional woodland-shrub
are, however, different enough from the coniferous forest region that they should not be
grouped into one class. The higher EVI trend for this class for example suggests that the
vegetation is growing at a faster rate here, which may be attributed to these areas not being as
‘saturated’ with vegetation as compared to coniferous forests.
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Lastly, the albedo increase could be attributed to factors not directly affected by vegetation
cover, such as soil moisture. As mentioned briefly above, surface albedo and soil moisture have
a linear relationship as reported by previous studies, with lower soil moisture corresponding to
a higher albedo (Roxy et al., 2010; Yang et al., 2020). It is not however clear whether the soil
moisture has changed significantly in the study area. Scharn et al. (2021) have reported that
increased warming and earlier snowmelt tend to decrease soil moisture in tundra ecosystems,
while Loffler (2007) on the other hand found that the soil moisture has been stable in the
Scandes. Furthermore, much of the high alpine region of the Swedish Scandes is characterised
by block fields and thus do not have larger patches of soil (Rafstedt, 1984), and thus any
changes in soil moisture may not explain the extent of albedo increase found in this study.

4.2 Albedo and EVI correlations

This study found a weak positive Spearman correlation between the trends in SWA and EVI
for the study area (p=0.227) and a Pearson coefficient approaching zero (r = -0.004). As
previously mentioned in Section 3, this indicates no clear relationship between the two
variables and warrants a closer look at each vegetation class. Furthermore, as the data was both
non-normally distributed as well as largely nonlinear, the Spearman coefficients should be
given larger emphasis than the Pearson coefficients calculated in this study. The Pearson
coefficients however provide some value as they provide an understanding of the differing
linearities of the correlation between the different vegetation classes. For example, the below
treeline vegetation grouped class has similar Pearson and Spearman coefficients compared to
the above treeline vegetation class, which had a large difference between Pearson and
Spearman coefficients and was distributed along a less linear distribution according to their
scatterplots (compare Figures 6 and 8). What should also be considered for the correlation
analysis is that all of the correlations were significant likely due to the large sample size and
thus emphasis should not be put on the significance here but rather on the individual correlation
coefficients. For example, the Spearman coefficient for the moors and heathland class is almost
zero and thus we cannot make any assumptions there about any clear relationship between
SWA and EVLI. In this case it is perhaps even more likely than the other vegetation classes that
other factors have a larger role and that there are considerable differences between unknown
variables within the vegetation class itself.

Furthermore, the negative correlation for the above treeline vegetation classes, especially the
sparse vegetation class, could be attributed to varying snow conditions. While snowmelt could
have been a factor, the EVI and SWA trends actually correspond with what would rather
indicate an increase in snow-covered areas in summer (increasing SWA and decreasing EVI
for most of the sparsely vegetated areas), which again contradicts previous findings for tundra
regions (Chapin et al., 2005; Hallinger et al., 2010; Serreze & Barry, 2011). As discussed
above, this change could also be attributed to browning trends which would provide an
explanation for the findings of this study in regard to the high-alpine areas experiencing a
decrease in EVI in some areas. What should again be brought up here is the larger proportion
of outliers for the above-treeline areas which may have disturbed the data and caused the
contradictory trends in EVI and SWA. The above treeline areas also have generally higher
standard deviations and mean standard errors than the rest of the vegetation classes, which
further decreases the sturdiness of these findings.
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4.3 Method limitations

A simple linear regression was used to produce the trend variables in this study which was used
for all correlation analysis. Therefore, some emphasis must be put on the fit of a linear
regression to the SWA and EVI values as this then greatly impacted the final results. Firstly, a
simple linear regression may not be deemed an ideal model for regional changes in a landscape,
as they are rarely strictly linear. A generalised additive model (Webb et al., 2021) or Theil-
Sen’s slope (Plekhanova et al., 2022) are two examples used by similar studies which may have
provided a better fit. However due to the time constraints of this study, a simple linear model
was determined to be the most appropriate in this particular case. Would more time and
resources have been available another type of slope should have been applied. The problems
with the simple linear regression model were further illuminated in the sample time series
evaluation, whose results are presented in Section 3.5. It found that the time series rarely
followed a linear slope, in some cases with irregular fluctuations year-to-year. This may have
resulted in poor trend estimations, which would then have multiplied into the correlation
analysis and result interpretation. Furthermore, the sample time series evaluation revealed
outliers which may have greatly impacted the trends. Ideally these outliers should have been
filtered out at an earlier stage before the trend variables were produced. Due to the large
population along with the time constraints this was however not deemed feasible, and as a
result all trend variables should be interpreted with caution. However, while the linear
regression model causes some limitations in the interpretation of the results, they could still be
considered an adequate estimate within the constraints of this study.

This study uses MODIS data with 500 meters spatial resolution. This is rather coarse data,
which restricts the study in several ways. This study cannot take into account any local
differences within the vegetation, nor any species-specific changes. Since the study does not
account for the occurrence of specific species, it cannot investigate the complex relationships
between species and specific species changes which may have attributed to the results of this
study, and thus only discuss the changes in SWA and EVI at a more general level. As per the
results of Kuusinen et al. (2014), a finer resolution satellite dataset such as Landsat is able to
detect more detailed information on forest albedo than MODIS. Due to the coarse resolution,
this study fails to take into account many of the differences at a regional scale which is bound
to occur within the study area. Most notable are the differences in growing season length
between the northern and southern parts of the study area. There is an approximate 9°
latitudinal difference between the northern- and southernmost points in the study, which is
likely to affect at what seasonal stage the vegetation is in during July throughout the region.
While not quite as impactful in the region with coniferous forests, it is of higher importance
for the above treeline vegetation as well as the broadleaf forest region which is characterised
by alpine birch (Rafstedt, 1984), which are both highly temperature limited (Box et al., 2019;
Hallinger et al., 2010; Higgins et al., 2023; Keenan & Riley, 2018). These areas are therefore
likely to be in different stages of blooming throughout the study area, which poses a problem
for the division of vegetation classes in this study, which did not take into account the
latitudinal difference. This may have produced unreliable results throughout the region.

The vegetation near and above the treeline is also affected by topographical and aspect
differences. The establishment of mountain birch is often dependent on favourable
microclimates, such as south-facing slopes or slopes and valleys sheltered from wind (Rafstedt,
1984; Sundqvist et al., 2008). These are variabilities that may not be effectively represented in
the coarse-scale resolution used in this study. The same issue may be applied to species-specific
responses to changes in the climate and landscape. Some species may be more vulnerable to
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herbivory than others, for example, and the expansion of one species may impact another in
various ways. Scharn et al. (2022) suggest that forest advances in high latitudes are indeed not
linear, but dependent on the responses of individual species. Any such changes within one
vegetation class defined in this study is difficult to identify. A finer data resolution may have
provided insights in the complexities of the heterogenous landscape of which the Swedish
alpine region is characterised by (Kullman, 2010a; Rafstedt, 1984). This study may also have
benefited from an inclusion of elevation and aspect as additional variables, although it may not
have produced significant results at the available MODIS resolution (500 meters).

Since both variables analysed in this study are derived from the same satellite, they are both
vulnerable to the same technical issues which may have occurred in the satellite measurements.
As both SWA and EVI are based upon data collected by the same satellite, any faulty
measurements on the different wavelengths may not have been detected. Known issues are for
example that the MCD43A3 MODIS albedo product can produce less reliable results in rough
terrain with steep slopes (Wen et al., 2022), and the MOD13A1 MODIS EVI product may
exhibit erratic behaviour over snow covered surfaces (Didan et al., 2015). These are both
factors that are expected to occur in the study area, most notably in the higher alpine regions.
Low values for EVI could for example have been influenced by persisting snow cover in the
high-altitude regions, resulting in possibly false indications of very low vegetation cover.
Coincidentally, the above treeline vegetation, which would have theoretically been impacted
the most by this, contain the vegetation classes that had the most outliers within the sample
taken for the time series evaluation. As a result, the results for these variables have less
reliability than those of the below treeline vegetation.

4.4 Considerations for future studies

While this study was limited to two variables (SWA and EVI), an inclusion of additional
variables would have increased an understanding of the factors affecting an albedo change or
stability. This is highlighted by the generally weak correlations between the SWA and EVI
trends, as well as the differing clusters in the scatterplots produced in the study, which all
suggest that other variables may have a significant impact upon the albedo. As previously
discussed, factors connecting to the canopy complexities of the vegetation, topography and
aspect, or even soil moisture may have provided insight on the results produced here. Fire
occurrence is another variable which may have provided further insights, as reported in a study
focused on albedo changes in the arctic-boreal region (Webb et al., 2021). Furthermore, an
inclusion of the surface temperature throughout the area would have been valuable to include
in order to illuminate to what extent the temperature may have increased, along with whether
a possible temperature increase differed significantly between the different regions in the study
area.

Any future studies on this topic may also consider including data for the entire year. Due to
time limitations, this study only covered the month of July as this was considered an adequate
representation of the peak conditions found in the summer period. However, a study covering
the entire year would give a better estimate of the entire growing season, as well as the land
surface albedo variability in the shoulder seasons which have been previously recorded in
primarily the arctic (Crook & Forster, 2014; Loranty et al., 2014). Furthermore, a similar study
for the winter months would shed a light on the albedo variability due to a changing snow
cover. While this study found an increase in shortwave albedo in July, it is possible that this
increase does not significantly affect the changes in albedo throughout the entire year as the
albedo is likely to have experienced a decrease during winter and shoulder season months,
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according to the seasonal snow cover decrease in the northern hemisphere reported by previous
studies (Edwards et al., 2007; Folland et al., 2001).

5. Conclusion

In contrast to expectations, the July shortwave albedo (SWA) has been largely stable or even
increased in the Swedish alpine region between the years 2000-2022. The July EVI has
correspondingly been stable or increased, although the sparse vegetation of the high alpine
region deviates from this result, with some regions experiencing a decrease in EVI, indicating
browning trends. The correlation between the changes in SWA and EVI for the entire region
as a whole is weak and demonstrate a need for a closer look at local vegetation processes. The
correlations between the EVI and SWA trends varied substantially between each vegetation
class, and it seems clear that factors affecting the SWA are a result of differing dynamics
specific to each region. The varying correlation strength in the SWA and EVI trends between
different vegetation classes indicates that the dynamic between vegetation growth and albedo
differs substantially throughout different vegetation types, and that no generalisations should
be made for the entire region as a whole. The mechanisms for changes in SWA and EVI in July
for areas both above and below the treeline remain ambiguous and could be attributed to
species-specific responses. Studies investigating the species composition and responses at a
finer scale have the potential to illuminate the specific albedo dynamics for each subregion
within the Swedish alpine region.
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